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i.C £1Ti': )IUCT! "

'.?:.._' _ iv,-: h' _,_ .:-_it, ,! for th, 7 <c,- [: ..;: _ I ..'.':t:n] " _u!..:., : t: _!"

%}_". _rtncio:," m',t.ri:,] cor_pri '.n- tI>' shi_ _ _ ' 'v' _'_% 0 , --' _ :r'_.

"h ................. : .... -", _:md-_:.r f -' gi..,n.: ,,b._._ :'. t},_ :. i._. ,:" :t,_,r ,',,r:t L:r,_'

[: i::',.':'rupt, _ _ . +i_ . in,c.rp :".t-.n :' _,h. t" :' ' :'i :!._ "'him}i, ',' £::i

p . .! : 1. I[}i' '_' '_' %]; C.:.)_VR'.'"_ ? L.... .,: :{ , :F.'_ .... _ ::N.L . '; i;'. ' _ :'._

: _ .rt[,-, _l, ' + :!" 1" 'm. t:r,, i'. ,. .

....."-_ _,,., :%'"_"..... _:" ' "" :' _ :'it ,t[ :_ " ;u::' ,i' ',:I " :" .qN: [::.

]..t, '" , :;' ;I,]"_AC '. in ',:' L'

' :l'uz" f:*'R_;.: _ :' t_,:,U F _t" _ : v, r ' h. _. ::[' [,i x:'_, :'i:_ .: < ; '.

,,, L< :] ' l" ! , ; L]_'.

]v,_ ;%' .it ." "n ,'-!u.t' h_ ;t } i. ; if{ -£_ ". r L ,:l: [[ ,.'_.; :' p ,';u :l:

_;o.,n the suet,-:":'u "nt_;c-",.s_ n _J" '_:r_/-,d_ic'_' t. c!niqu_, ;-.dth ".n_, "[

,' RtS;_i _',t' ..,}_ich ";,_"r' '_'tr:,_'iz_: ;_ ÷Jb }!'_' "c ]',_ ! "'.' tt'i'i'; r: %Fl<i .'lli ' -

;q* _]t LV %v Fi!'[, _}L_:_:7_ _ '_CC_'r_t_ibL :_" _: t:J}: " 1.hC ;.;,_VL: .:'.: r'i'_%, :

tit!: ! ,th t.h, ' _r._yt:i<::_L -.:." tLe . :.n', rfr-,nt', _'!,' .:':: t' th v, :' . . , :'-

r':<_' ?i _L(:' .':.' li'_' V!.-_ ' :" ,i, "l "I]" f.' .,h, r,/V' r : .' _i - !.!t ":' :" _ ". ,, :'-

:_-'" the !'L ,c}: ] [ i_'.:;i_n C n.:i:it, n% '.'ith i,uf,-, ' ;:'., .n: -,,!_, ! _},. :., <_':..-

,' rf. i .... "" _ thi r. ,'.... t .... +

L .th :;'.:,c]: [ ':n: [::, ck I[ w,._rk ",n,] t}l',t: n:, , ;t'_r< i- :'/. :, t, ![-t:.:,-,_!. :_

4 , - •
P _ " ' r__O { ' _' :hi:". F''. "ci C': ,m_ b_t*" r,>-. ._,"+ r, ,r: i:]] ..,_. :' br'<.vL u . ..;. ' .i.,

:r _C. __ o£ 'R 'f' ' i}!" ]'.]fi_I_<' t[,,I] _:,( FL[!:, :it _ - !-::' "_ ':t "" +_ ' "_

_':ii_t :hi ,v',!_; i :i :',>r ]_] ,oR [[ "'_,:.[";,

N/: p_u%p,>.._, • ,,F thi SLm_:_::C7 vlm:_, i: t pr-"nt ' bri' F _,:_ ;' i.- ;' ',}:,

c.'nt_'n<.: r' . _,:n .t' t}p FLw tiu :' v, i_z:;c::, l_i £!_:', vi'_t, i. "/- :' i t_

._f th, t'i:]r.: rcp i% i" v'_lcr_h_e :-,rim:,ri]5 _ t, tk .:, -./: i:', n.,% c u.', :';i,

'with ,_z: the techuic':.i !ct'_il.s which '::', c{,nt:in,.i :-[thin th .... ,:'::!n: r

7' the t'_:p_rt, it. i,; :_L:;o of v':iU_' t_, th, r. ::]_ r .:.h,., [.I :onc,:r,. u .,it}

b%nil since i1 pfi!s<qlt.; q br,-_i vi_,w _' th_ i..Lgn pr.c,:n:.. X:_ '<'_-

f:,shk-m, it i:: pc* :i%le t-; kc_b irt mkni the, tot;__: , 1':" ,ct _ih[:' ,l, tb.r'-

st::nding +i,.e t_t,;i'.s ,_Y 'u<y F.'l:t['-'u}'_?' p':rt.
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•............. *, _,_ .... ...... . :,,_.,'::;,.:_:_' . '.-:hich t:m: h,. b !:[,- _ mu:% :u.t in .! L :"

., : it ". F_r" ",'i_- :: th. ] e !£ th, _:/:i _hc:'[';m : _,c,_ _'tf:_.::et._z'r ,_. _. i ". :.-

'-,,i::,: ,- < ri, .: f _,,:,-_-tT',,-,._.,.... :,u.:J :" :t_nt }" ,,t "!_,: :-_: -,. -uffici<nt '..:-

". r ;' -'. I', :'..n.:, _:,:.,"_n_, :'::inter ::UCh th'_'t !<':.cripti _rL _" the 'r.:r..:'t :W ,"

' '_ Li,'_-c.,,._'. '. _, [_'. rr'<.z ('.',y iin_;'_r h-fi,::u-[':ti.n ...., _". , n :'<'_' ' !.c : 1:_" _

]'.'.'.Li_:_: [,' '2!"._: ' I.[. :i_ t'. _-r.-.:- :-7,':', &__DI'. [, 'i 2'. :" L}[C .... _ [[L:'_ ;' :_:; i

'/'..'_. ......' li:%' ,:hi ",'_ ., [' :_ .,hLeh pr vh2e,- ' _..=_-m!v'!!:,, i :_ [u.; .':':', ct " .... ' -
[i L ,:! ,_ . . :" <t: ::'[Zl' _ % t_lfO l]_,:_t 1" , ",; ,,': r'¢' , :'JR, } t' r ..... } -", i' '-

"r: "' }_ t,[:L" t. [:i':. ,'_ ...... tt_ _:. ' :ltL':'] :" !_] :i :'i_':: .:, £', ,[C<[_, _ i _,' [i " " "

Lutr:,i mi:L_" " ":tcht c.'n ' :'v'_t/.::' i.nt, th ,_ ]_:'i_9_. :,.,crip_.i.-.: 1' h,-_:"

p .... .v.,.t, r_ "..,]_].'!_. -,_.r.. c'._,n/i_i, r_ ] :.:-.- ...r.,!./ _: _t' t'r:_ T.:; ck [1 :b. t. :'

]. L,:u. ,',.:' _n,!r,n:z_,mt 3r,:"_m"t,'r ',', r, .:_:y_?ii, _ _,', ,,.,. <.- .....

)

._., !:,rlncLi i c.<u trint . :'<, ctbu: "! . i:'. :%_r qr.:;i,>u .': .: tt;,' ;O, . ; ._..-

t_a '_ t._v:p_rr :or.: !i:'_tt' !i:n_. _[':[ :' ::'.,r'[ct[ :_ ._.. "='._., Z ? r <t. ::: i:',

r,',rt:.,, .ut::. .:inc' th,_' :'; r',,"_rd c_:r:9'_rtrr:':nt i: j, _t/. ,m,.,i ,t ,, _: ['ni: _'

'::t. Lt,_,:i' i' !i,OO0 /,:_.t, t)-e ,_O!f ! !xit'.ti,_n _"'..: _pi,'L:'/.'_;_' :,iV : I_ t.
::t"..t _J_( F,-r t}:< ,IvLLrc 1'_ r'.:',.r'i v<r;p::rtm,_nt. It i:_ ,L.- r,'itd:' i t.:u':', ti:.
:_, .'zt_,r :,<. c,F,:_t[_: ,;t' _1_-! [';_::!'i:k: t;_c I,. 3[r,:q th, z'_rl:: _r t, ,.:tin ::" ....

.;, ]u,_:t['..] _ x_ ;;_I:', t_ - v'_:'ic;<, .ht' t" ::j)erat_r<, hl_r_i£Lt; _ =!t. . F,:'_<.,

:_nd f,_'ngus _-nviror_nent_:. Ab!'-t r 1..,. tbb5 c ,nJ.uct_,: :_:_ ', p._rt ,] !,h,..
:_ ock ][ _i'f_. det(:cnine; t,h'_t th, :-, nviro_m_.cntr t'_z" th'_ r'_rk?-: .:F;cIYL, _.,

*t_, .q ,t " i'_'t'zt t'./' .:;_ "_.L,:-0 r_b]_1.,__ ' t,h_ t: _: _h" r'_cl.__.r[.:tic_:. :,l_. r, :' ,;'. _ !*.

w',: n,t n,.2c_:r;L;_try t., c,_n: i,:L:r tht::-(, c l!:trqint : f- th_ t.h,..:_"_,;] cv._]_i:i n
"f L_ _ck [I C:m:_r:,_:,i M:_d.u.'.' ::.

it ',,"_s n_cess_r_- to '_::c,vt..Ln th, th,:nr.pb.y.:ic'J!, ,b:,ti,u,. '-nd ,_.I,;c'::
c}v.r_...ct.eri::tics ('_: '_pp!i::.Ll'2) f,.r t}_, r;;:,_G_ :.":tcri_:. compvi::i._S lh_' i:. _, ch

[T _bLutive hr_t shi_Ld. F_Lrth, :_,:,,_r'<, t:'.* ipp(_.d,::Jc_'s of th(.co c.h_m:ct_r -

istics upon p':r,m!eterc sue}: ::c t_mp , r:t.ur_, h<.'_t fit_, enth_]py, _-_:" _:h, ....

stres:_ were /eterm!ined in order to inc,':l_orr_te the appr',priqte f,,u_ctL_,n,,;

relations:hip.: inl:_ the .iesign ,Lu<_[:,%ic_l procedtu-e, r:hc -lefiniti<_n : f'

deslg_ properties rtqied heavily upon prr:cticai ur_ineering Jugm_ent t_

estr_b_i::h the _etail in ',¢hich materi.'_.is characteristics must be k_u_-,m ;,nd

upon the substantial backgr__und experience obtained from Block [ work.
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Thedegre_"f reli_bility of the design is a fu_ction not only of the
possible w_ri_tion_ of the designprope_ties but also of the design mode_
v:ccuracy_ndthe factor of safety. Fc__the ApolL_heat shield design,
no explicit safety factor w_spermitted; ho_ever, per speciflcation_ th_
thermal conductivity and den_ity usedin the sbl'_t_r design are con_Idercl
tr_ be upper_.,o'mudproper+_ies.
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i[rczin+_; :c1';_:_,t.J.... _-r., .:nvLr..,:mmeztt- th_ ,,_-[',_.,_)., c ::t.'2.'Lnts_ et-t:_ *__._:. ':; ,t :'

i(_si,]r: "f;" pcrtiu:, <:-:': only r"m'inir_ ;.r<-:'< [ti.:i'-.. :_. ti_.v gL:r, ,._

g]_: t.b :2:_::L de, sign ._nl _n&l_jsis ;.f_-.ri,.: -..r,z_ .: ;, ri_. .-,E ,n',k'_i_":i : :,

m:,, Co_tp[.'_xit.... _ +.b,- '.}:i'_tivc h'-'!_: .'},it'i z., :uir, d th ..... '"i _ .''{_" .... '- , .... , ........... c

':t,.t cn].>" ::v:-dim,.:: i :m. _/rl_:ti n t,-eh:zique.: Lut "_.k. ; t., __ r, ni _h:" -- :'-

r:_'n.:'Lo:;<_i ccn,iucti.i>/r':di'_tiott t- ch:l[lu,>s. .'..:taitL n'{l!.y, :,peei;l t:'. :.

r' _uL:'_1 th, _:" <.f e. digituL computer pr,tgrc t :-_icui':,,: , r',,ii'tti,n i>-

v,'.reh_qnge cDr,.Fig,u',_tL:n factor:; in _:-_J{2C t{ "l ',:._eL)'_Lr_ t _'; "" L',--, %'l_rm'_....

' [I_>5"<[," ff 2 C'D.vitiez in a primp, r fa-hion.

Verificqt[>n )f' ":h< u'sign _e.m=i_e<[<'_:.] m:,'*e'_ qC, iu' _'y(utL i:'.i'_ _, .:}-.]_r_.,r

d_I'siFn prcp<.rti,.s) -._: accomplish,t ],;_ e:<'_.:l_ o_f' _ s<ri..: ,,f ::[mui_._.t_d

re'entr2.¢ t:';_.jectoz U" i_,:,,tit_ te:_ts. 7",'a,-:'e te.qt:" ,,:,:rc ¢<,/lq_i,2t_ _, ,q', <[iCq[: ' :

hqving_, d,_-:;ign thicYm<5_:c,.-, fur .:petit'it C,_v_;_nd }.I d_d.,, r,:f,,2,.ncc h, '_',[lb"

point_. 'i"i-:c v:trlations of c_0nv<'ctiv,: heat _"[_:.: ,nd gr_ ,:::th'_ip.< w. :'_.

,ltili:;g'_L t. -:i_tl'.:_t_ _ea'ntry pr,,fi]<.:. Due t:. '_,'_ci_.it_; !i:<[tr, t [.h., th,

r"_diLmt hc.',tirg "_s .;uperimpo,_e_ qt ,< constq.nt l'l_g_: fi-]r :i pe:ri.,.[ , . LI t" i[ : [

which p_"t,duced th '_ integrated w'du_' applicabl,u to e:'_ch bl { ) I $> ; p,.'h_t. _n-

depth i:mtz'ument',"_i0,, pi'{-,Vi'iOit temper_±tur, 2 ::;o<::,u-emL:lt:: t' ,z" tir,,<t curr_-
p-_triscn t_ predictel values based upon the i_,sigh ,tna!}_,ic:_l m,_dc!. Z':":r,

th<',U con_arison,_, it ,ms concluded tlmt the one-dimunsicm,] design :_,c_".

is consemwtive for the prediction of 7_lock rI <l i,_tor thickn<s,_e_:.

The relatively largo number of thermal discontinuitie;; on Z :,,ok 7I z*hi.',tb ::

required the avr,ilnbility of multi-dimensional heat transfez" techni tues

for dete._m,ination of re-entry thermal perfor_nance. T'_.._diglta[ c_m,put_.r

programs, i459 and 2_<28, were used to csl.eulatc temp<r'_t,zre rc<:pon::,_;_ ',t

the rcgio'ns of thermal, discontinuities. Both prog_ms have the' cap'd_ilit[;

of handling two-din,_ensional and three-dlmenslonal heat tr'=nsfer problems

in rectangular coordinates along '_rithan option t:. u::, :,_cyLi,._zric '..c o,_r-

dlnz4te Sy:'te_ for geometrle:; which are rotaticna-!;, ' s_.c,'_net:'ic::._._,_t%

center line. Heat transfer modes (as -_pplicab!e to ApoL]<) :r._ i.i::_itz.d

to transient conduction ;_nd radiation either bet'_-een internal nodes

-4-



or fror_ the hea.tu[ z_rf:_.ce. It w_s n,:ceszary, thcrefore_ to c_iculuZ_;

'J_i_tlon _-_o_',_l ii,;contiact[ties fro_:_ F r,_gram !(_00.=_ and _nen pr_c_

",.,'ithth__ mu!_i - _m_nsiona! heat tran. fer c;_'..cuiutio_m fr,.,:_._i_- finial

-,.bi_te:i_;ur:'_cc. .'.,c,;n'/ucted he_t flu>" oc " tcmper'_ture hict,_ry .r._-

used as th< _i_'Ivia-." pntenti:_i %t t'ni;_ final sua'f_-:e.

;:,le,_c7 ;:L'th< :,;_'.tl-dimen [):z_,l he, t transf'_:r tt,:hni,!ues ,,c_:_:<i<':;._.<-

strat,:d Lj ::,e'_n-. <.f e m_0ck-u} test of" ;_ complex thc_._,J discontinuity,

in the r_,ilant Lt_:.:p fgci\ity. Tempcr_.ture mea:<uz'ements _',.r_' _::_b' :_n,:

c;:mpgr{d to prodicte-I values. In a:] c,-_ses_ the temper_t_u" pr<ii-<::=i

Ly th,: :;u!ti-dImamio_i r::,_deiswere c,.nser_rativ<,.

f,ccaus_: ._f tb.,. :ir:Ated re-r%dl:_tion di'eh i; e>C :'i<:nccd fr,Jm th,, :::v/t[e::

<it the "_A,_,vtt<:.cr _,_ells '_nd the ren, l<t:v.,_; wi:k [.n: v;_:]ls, it ":.,.,n,c<.:._.,t'=:

to c]Lcu]_..[_ r:_di'_tion view l'._etors i',r point: _n tile ._tu't'_c<..s<_' f.h,,,;,

e,_vitics. 'i_itai coniput,::r ]':'ogra-:, i{]}_7 '.._.; '_r _vi_, _ :' " thi:

Th, "_ctu_! t_' om,_tri,:_ _,f the cavitle;; were c<,n_ld,L.ru.d '_n,] conf't:;:Lr'_bhn

t'9.ctor:; _:cr, <"_.'..cui;_%,.i Yet = h_r_<- _nnnI:,er <f" wry .:retail ::r_,;: ;.:iti in t,b,
-avit its.

'/his combin<_tion of' _nnl$,tical ::i_.l"L. ,n{i '_.<z _ei;t_'i ._ic!t:il ._ :;.l._L_t<.r
pz'_gr_ms provi.i<._ th,: t<,oL' _:<cc:;,_:,u'L; f.u" c<lc__',ti n of the th,'_mrL]

perfc,_m.uc<, _:f ÷,h< _lock ][ d_h_tiv< },c_t :k_eld.
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,-.I .... For _'" d _,;]._l d_it!t, tLP_i_.t,gar :l_,_c/with f':_ci_.iti<'u c_,p,,_bi ;_ " . ba,::_.

specimen:: w_rc tc.:r.,:d in th_ ?.icdel 5fk-; "_..n<i %.n 7,;<_tt ._rc iv, c/:'t [.,;

spccLmen., ;.z<re test_-_ in zhe t<<)_A_£1_ unJ ,]ia'u_t:li ':.:',:.< t._ .l,t.:_[;: ,at'_[ ',:!

]_._r.tita.t, iw: in< _:t,_'_ti n ncccss._ry t,_ s upp.,_'t . ;__ ",'<rif3; r,_ -,}L_t;'_tic _ !
pr,,.:dict/_:_< :,:' t,]p ",h/_tion phe:'.cm. :;,. "'k-n<-,',>" proof t_.:t: - '.<, :-,, -- ::-

duct_'t :' ,r v-gi<_¢; design concopm. [h r.,<c,::,:_r/i._, off-d,.-._b;n ].,_t .k:"nti., '...

conservative test envirorm_ents. _;n,.p._.rativc t<.-h[_}_ o£ ramie',}.: ]_, ,t

shi,:d i "][sc{_ntinu_Lties in I_r_:llei ,,.,ff.t}_ s<. c'/_,:': _. "(;_ntr:,/" .:p_ cb:.,:.u.<

(.:_f] [_i',.%ls_trf'.-ced :::,,in abb,tor) ,._;: u:, '_ ,.v_ten.;iv,_'i;; t,_ '!Sce_t':[_' tip I :' '-

gr_ _;i'comp-_tibility be_wc, en th_ aisc,mtin_/t> ,nd the m,_in ,:.I',_t<,r.

'Th,_al properti<': facilities ,were utili_,,] ,_:.:%eniw!y t. %:t,'r_,in_

the dt.pendeuces t' ther_n.'._.l conductivLty ,_:vl specific he_t upon ,i,'n. it,

.:nd"r,r temperatur<.. Fitfully, r,;,tny :,a.:_ic ir_b_.ra_ory c_perimen':.;

(-'.6- c}_.r chemic_l _na/?/sis) were c,_n:iuctcd t_ supp_:-t _h,_- t,e::tirk-; ],, r-

f _L_,:i in .;im_l',.te,i re-_ntr?./ he_,.ting_ ,..nvirom:i_:ntr,.

7'eRctrrN, i,m_ throu6h th__ _bletiw: shi,_li pL'tsent cpeci_P 4._:sign probbm:t.

]n <_rdcr to verify the :uieq_;_cy o£ the: tht_rtod,_m:ic de::i_n in the' _:'_',._:

of thes< ge_m,et__'Lc singub.rities, tw__ types ,_f thermodbmamic testing

-were required. Nince different materials _r_: used in these _re:,s,
e.rc tests were con,lucted to determine the b_sic ,_biation ch%racteristlcs

of each me_teri_l. Tests were also conducted on composite cpecimens t_,

detelm_ine "_b/ation compatibility. _'ne second tyTe _f test _s perfo_'d

in the r:-_<ti':nt[9mp facility. A ceramicre mock-up of the urea of th(:_

sir_g'mL_rity was sh_ved to the predicted final :_biKted contour znd te.:t,_'.i

using % he_t flux, history corresponding to the design enviro_m_.ent. _:L::

t,_;;t provided _ good mock-up of the _reas _5ing b_rge spccim,_'n: ( in

most cases full ccale) and test meastu'mnents were aw_ilaL'],: for :sses>:i_4g

conduction heat transfer in the mrez of the zingu__arity. [,[_<tStLFqd_ni

predlcte:i temperat_res were compared to insure thu% r_:u]ti-dim<,nsi_x_ [

heat transfer r_r_,lyses _'ere adequate.

',_nroughout this rather u.vte_isive progrm, many new test techniques h,:v£



,._voived and requirements for new areas of storey h_ve been identified

that c_n_Id have h_po_ant effects; on the di_'ection and empha_',is of

fut_[rc te:'t pro_gra_, _o of the most sig_ificant contributions to

current tc.';ting technology derived from the Apo]lo program are:l) the

successful ',Itili_:_tion of the trajectory si_Lation techni lue in the

_,rc _'_ciiiti_n; '_nd '-) the increased utili;',:ti_n and refinement of in-

str_:_c.nt_tion techniques to gain quantitative information from %re t<,st,_;.

D_mi_ the progr_m, :_n increasiI_ dependence evolved in in-depth th_ r_o-

couple d_t_ _nd optic_.l measu2ements of su_rfacf_' tem.perat_u'e. The in-

for_,Jation thus obtained has brought into foc,_s :::<_nyoF the problems

associated with prediction of the v(,ry cor_pl,_:x eu_-.rgy m:,_na_e_T,ent phens:::_ncn

that occur during the ablation proce._<:;.

Thern_l testing and "±ne.!ynes of results h:_v_- b_cn of sufficient seep ,_ t.,>

assu_e the conscrv-_tism of the Apollo heat shiclJ, d< .',ign. l{ewever, =.._:-

pt,riener- nhc:rs that two general. "_'eas of' stud], re,!ui_'v ,d_itiom_i work

in o_'_i(.,r to ref'in_ the understandi_ of _,hi['_t_r p_:-"_,_r_.,uce. '_es_:, mr<:

!) inerc_._ed _tudy of _hc chemical r_-'_ctL_; _c_"_:'r[:m< im the _bl,_tor

pyr_.]y;;i:; and ch:_r .'ones; and 2) the ,ffccts _.,L' c ,:_:;ir, e,i convective "_nd

r,_q/atiw: he'_ting c.n _blator _erformance. U,+'t t_,chnilu,:_; ._r,_ avsi!_bl_ _
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¸¸,,;7 _,::_ i" k, .,:_.'f:]_

',.n,! t.h[ _,ntieip,,t<-< .._vi:',rh%ent_.i _-, I!Q [ti:,R.. "]1]_ i t, '.TL,; _tt-,, . ,< : :"

develop ce_::,in h::;idu -u;',_cc'du_e::, in t[_,: i_' _ " ; ' _ .....

tLm tc't::p<_r'_'__.urr::: wer,, ,l_d'[ne:] f._: .... ,e}; t' !..) _L:ctLne_ },.,.utiI<:; .-n,.. .t

c_%ch ':l<",ti.ru: Loc'_+.i.)n r, uch t}-iu.t ',!,i".;3[; :: :;c t:',..J _t. ',n "_v_:±'u-.. L:'? :' i

}u>ut f"_u.:. _z 1 ;v,"r Li_:.it t:; ,.L'.'C._':,< ".'.: .: 1, ctc,i ." !'j_'O' !:., -

_;':,le ':',r Loth r,-,.', _'- tr.:,]ect "_, ,:

t,_chnique (i.e. ::_]uti.'n u:'ir¢; t;_. i!;-Lt'.' c_m_,:_t<r ,',mr:in, ) !u',.\t.z i::.-

_r,,e_,lcal__" Lec-J_:e oL" th, bJ_h.,. r'._'i._l:S il_ath_] imp_:'._ _L _,.'' c, rt'.i:-. . .::.i :,

!J*:r_;_c evident _rlen e-.tremely i_rg< thLe}tn,:sL;c_; w, r, ]_'" lie',.: ,;it}1 ,:;-

.:._cia.ted .<ros:; conser_atk:-m_ o f t;h{ ;,n':] -e it'lL tcchni!u, wh._.n -i:[. t, _'. " * "

;cr_,tuld t<.;t &'_t'_. It "_,zs nec_,.;sq:'y, t}-,er,'Y,,rt, t.__ c,._]u_l _t<: i(::i4n

thic]_tC.:s<.: Oil _chc sphcric,.i p]:_t.. _.-'L, sep:_r:_titk_, the' t;._,_ '.,v:',ti;_7_ :,,_,!_ .:

",n,i [u;i,_; ". hc_,t-uf-'.d_}:_ti,,n "u, _mi_Cf c_nditi,m.

:_,=b:: _',-_! ;,ti I:: w,:':', D, ','..%u_m'.] t. -t./'_<,_,i:_, 4 -, _ net i_.:,pos, i

sh..u:.r '.,'\_'!.:: w, r_. :,u'L'ir[, nti[, hi:;}_ L<, :',"!,J"_r<..:pe::ific u,n.:Ld<r':ti ;n

it] th_J '[{'.:i.#;[:. tO :.:*:: C;nCLU]':;.! t}:_t t'.:'. ;:,:'in J.,l,t._r i: :;,t .''n:/t L,"

t_ .qr.<-:.r up t._ tht- m_xim_, spec, il/ : h=v,.L L[tL L}l:=t b}'_:£t W.' 1_, :"-

wi_r,_.rt,.:nt_ :',)r c_.pii.ciz c. nsL:i,.,r,ti, n ,,]' :, ::},ear dc,ptndenc_ _ i.:! %hr. 'b-- ]4;

[t _ms rtcogni:'ed thL_t the _e£i:gn proc_:_lure and zssoci:,t, i ::,,+h<m::_.tic'_]

routine do not descril.= the %bl;-t,,r t!:er_._,_l ?<rf.,rmr.nc*_ [n , :;c[,.mL-YLc

",f rigorous; manner .q:; :r.,.uv. lie tc.;ir,_ i. ._n.'.;,.;ver,...... fit ..m.:'. l_ea. .... ._,-,'., t. u]p[v,

pr:_ctic_l engineerir_ ju_:_ent %c *!,, impos_.d fr_'_/,wc, rk, (p,_.rtL': ;,,.: .

sche.!ule re.tuirement:'.) ,__rtd _,_.......,_,._; m "-,.i" ':.;',_s ";','-,,._ _;,,_.. i,::[g!, .o'" e,:i._,',

evolved.



Once the d<<-;ign proce_lure :_'s established, tt '_s necessary that c,_Icula-

tionn be .ma@e to dut_rmine tho thermal d_-sicn trajectory _ich by definition

is that tr'_ject__._D__ '...hichre,lui£es the larg_t heat shield thickness.

k'his tr'_jectory eva!u.',.tion established tha_ the m<_ximum heat trajectory

dictated the _:Ll_:tor ¢.c.:ign for all regions of the Block II Co.rzre_nd:i,offu]_.

?his result conf£r_.:ed , f:=ct _l_ser'¢ed _Iu_ing Block I efforts_ that th__

hc_t shi_!i for Apoilo _cts prim:_rily _,s a high t_,mperature radiatc_ _md

insui_.tnr r'_tner t]u_ _.;:_san .,_Lator. It is imp.'r_ant to rem_:!:er, how-

ever, "shat satisf,_c_or)" _b!ation capability must be and is avai.lable in

order that _he heat shield sustain re-entry for :,ny trajectory _.rithin the

flight corrld,_r.

i,i':in_Llat_:_- th[ckn{:._ses were _efin<d ':t 3; 0 v_hicLe reference ir='<ti_._E

st,..tions (conL_ideri_ heating s_m_,tr)) _nd Yor L; _r_';-,sn:::_oci'_t_i _ith

heating p{_rtln%:_t,ions. <'.hi:<Jefiniti u,!]v:s I_r_v,.n "_{[equ_te for u_'{'by

7msign to _en.:rate the det':iled s,u'_',.cr:c nt_ uc i'or final td._]'_t<0ru_c]_.in/_7.

,<imiL'_.r d_._t,_iled thieP_nu._s _]cfiniti,:n _.,_s!:.']..{eat regions usi,*t_ _bi"_t,'.rs

,_thcr than Aveoat 50 6-39/._C-'-] in orqer t,_ suppo_r_ faK,rication of p3 *._,..

?,Je<iu_cv oz" t.h,:9_lator det;igtL "_._ ,le,I::,_l]_tr!Ltdd;ti:re_er<'ne< hmatDb]

_" • series of si,_:ul:_.ted_,..-<nt.a ;_,,,_i_, te:;ts, birect _ ,"-

p_ri:_o_,,of measured temp_rdturc:_ t,, t_.:;_pcr_.,tures predicted _ith th<' _','-

iE_ pr_c,::,_urc supports,] the coneiusi<n that tkc .:[,l_tor thicM_cs_e.,; :_rc

•:_*,lu:_t< t,: p_'_vii< the tit._:m._l,pr<_t,:t_i,_n r, iuirci f_r i{iock iI thick-

r_,':s_cs. ,'_,i<]u_;ey of thu thickne;_r_h- _t points L,"t',:cu.u r,:fcr_.ne,: h,'nt[._7

Location:, "_=s _,st_.tiish_:,l oF pb_ttir_ the fair_ ! :tlqtor thick:_.cs . :,

sup,_'ri_._posi:-._g:.[_:".2m'tl-.,_t,_,<_Lreiuirt,r,_nt:- -_n{ ju_:i_l_ inte_'_r:<_r_'l',_t,! '_:-
.... _ - _.t'c_A..!ttu. it _,._t._;t<i.S,, ]r*,,_.,][_.',: ;ti,ms '_y 8 strti_nll, ].iIt< ].I_.%<']_imz][_t_¢_i_* "'" { •

th<_<, d_-siSh ade<_[L"_c_ [,,<'!ZZ_:'O]ish<-_! I'0["po. nib.< i iator cr'..ckm_whicl_

m'<,,',z_:v<lop in thu c._i{ ,:nvir: :_:£:_t. ?_tieu{:_r si:',_:s_nd gUOlh,:tri_:u:

'_s pr_:iictcd b._" :'truct,_r_{] <_:,.!/:_<: vrerc ev:_itkqt<:,i. !k.sign r_ccept_bi!ity

.,_s W rifie:] I,y :_ c,_:rb[n_ti_m _ 'd e>.-_<ri:_:__ni_! und '_m i_tical inv,..;t[g-_t[ us

npecit'ic':_iy ,_.uncc_'n:.:,!with crew _n] ui< c,,:,.4_'=:*_m_nt _{ ].,_tor c2_ck.:.

-9-



'D_ d_.script,i_n _._'=blato_"thickn_'._;:esever _Leentire sturf_cc_f _

,_nal"_,_ <Ythe genera/ heat shici_ a_,dof ti_emz_idiscontinuities.
(><iculation of temper_'_tu/-eendt_Li:_tion historic:< for the n<mJina] }t_nt

shie_i geom,-try provi,h.:s b_-sic _bb!tor pcrforln:_nc< in/'ozm,,m,tiu,t. A!,J:C,-,c,r

;Jn_i>-:{<: were ,uec{_,n;ary a_ di::contlnulties to verify <hat tht: :Icsi_rn thick-

n__;s_rs _:fe therm'_ _!y "_3_,,iuo.tein thmse _re'_{. It '.;t=_necessary t_ ::h ,.,

th=,.t </'f_ct: .:ueh t s th,t 9:lied strucr,[lre,[ czp';cit_nce L_t _blat,:r ii_:c_ n-

tinuitics ",rillr._;r< %h::,n offset the t!-:,e_m_::lperY::_'c::ance of the Ji,_.:ir,i1,_'-"
1_ _.,I. Q1,,bL;_tion materi'_,is in th_e regi,,n., ilq'.:invci\'e= _,_-t'<il_.i i_v'ii '_"

n,i'mu]ti-dimencicn"] h,ce_t tr'_n;:fer in r,_El<ns f _]_:m_i %iscc:;ti_:_dtic:_

over the ,ntir_: v_h[c].,'.

...... _,_,.,'_vcc_ interf,ccs _,.:,,r,: [._.sel u7vn _ n<, _,' ...... "'

Zhro_&_}l __;,qdlol:rt -ihcref_,,_'c, "l ::n':<<;_';:w, s, porf_'_ed o:. th, i';:-

,_L" the_'_.l :;c'=ls ,,'{. t]:,. ::_tstructur, ,,.r,_tmd all cut-out:_ ,und ,.;'_p..

'i_n_-._ ana ly:c_; ..t .i::cord;inuitier wert: c:_:_v,:nientLy sep_r-_.ted intc_ t'.<.

c_.t,<g:_L'i_:;,tho:', l'_' ;_hich Ave,- maint',_._'.el desi<n r_.sp, msibiJi_-. '_:t.!
r.h.):-! ,;}.< l._, .:.< _[.t/,/?..7c 0 irlt<./,l',:r__3 divi.i-.'J iesi<:_ r,_sp>n:=i/ili!;,. '['::'

:'<._i,.t_: -,,Q:ich ,.,crc ,_-.iy:".::d "u: Ave.: ,:.:i_r. ra::p :_,:i],ility w_z', :

:_. rh_,,,r/cor.pression p, _.:

b. c_,mpr,':: :i n p<_,is

c. :,t c;rt ,_o,.;,)r ,,:< L} _

i. ini.,._ re, _:r,p': r tin' .r_.t <',p.:

i'. bolt plugs

'_: '<n'_.] yses. ,:_t _U._\/Avco ln_(.r±,_c,:._"_ ..... -,n;/dcred the fol ..lowing r<:_i. _:_. :

a. i{CS fuel :lu_.,p

b. <;-band ,_tt:rlr!'_S

c. Vind'_a,rd S-band ant_:nnas

<I. _ _,_-o,_:umbilical

e. crew hatch access port

f. micrometeoroid _¢indows

g. [_CS ermine ape_tt_es
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,/

},. '_i" vent

i. steam vent

j. 'trine d_:p

,'p_'cL:'i"_ _:,'z_!ud_d fr:,m =he tm_.yses "t ;.\_/:_le;, intevface_ wa_-"the

'_.'_r,.-_c:<'_' _?. '::'_-... A'_'_. _-sm_ed n, _esL,_;:J r _tnalsc-is respor, si?f i it!..'

_ie e':',,'mticn-_ ;f :_,:"_u'r,:,, tL-St results ;.'e:'e 'tse_ _ > :_upport the the_r.,h'.

arm]y_:is et'f,,rt. These _ect results w,..r_ integrate_ '/Ltn the perY._rr,ance

prc.-_ic'ti,n: ,:_%olned fr_::, the _'>n,? _:Ft /c L: t :.lies Lo e"L'frlish ".h. te.-[.j..:

nd_: _!mc_," >L' b;_th the :_.,,[r. _'.' _-_t-.r _ n_ the " _,_'m_,_ disc .ntinuitfl<.'.

_, ,n'_!.";b.':.' _tu#ies _.'rv,--.!:Le<] tl< st:'LL.:* ;r'_i ,-erheating "_'it_ t';, ,'x,_'_',_-
_,[ : ! ' _":.l['e,-! -_re_: :t t},e thr_' ts '.' _n _, Rf:_ ,':[l engines. ![ ,,.:,,v,,:',

t,_ ..... z<.._.:' iv, t,._',p(rut,ur _ ._r_.: _nc_,_;ut,.,.',.; !_tc t.u t}_e tr'{ject.)_, • :_.i [:.

f"::':t ,ce_r :_ppr L"[:h_: _]j !O0 .,e <" n,ls :d't_ :" pard:chirr'-' ,tC'pi .)T, ient.

•': ! ,<:",.lnJ L, "_. L}:, :z;'. c');DLe ;_t._ r,-vet'_b.J ':N,t t:lc r,:laL;,'_[e-_'.. _,._',.l'[et[L.ir

pceli_'ti .u.'; :_,_t _i!f';r_'ntial abiati ,n eff'ects were n,t ab,r<,s c,n:_,,rv'_t:!'.,.
I i []' " " :L{ (: [ I ; : ] ['_} t':<:t C.'ZLII[LL:dl _pF, r_x[:m:tk.,n.<:, i[ w_-v,,r, /;he 1_:'eli(:t.,:i

',."_ ,,, "Y L ':ck:_.ee _-'/:._,p(:r:.t,L"e, _'hich. is Elle _)ver.:: L 1 imt<,.-t', tit it_.u., ..........

C::u!r;,'r'V_,.b_ve [rl '_ii C_S@_5.

.',:, ,.'.;':; ;,i' ;'_'_i'_ ._L.L".Sw' p.erYor_:,.,nce w_,r, :)s_ p..r!' ._ ,:.i ,u:'Lr_ T ;:! )'_ .'[.;,r-

c':',::,[) ,..it[ ,u, d,'r:-'it " Fr" !'fleE, _n<] ;LL-t'_).ec r_'eessi.,:: ,'_},.(-n.,:,-l_',.
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